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INTRODUCTION
Hydrogen sulfide (H 2 S), a highly toxic, flammable and colorless gas, is widely found in petroleum refining, natural gas processing, coal mining and in the generation of biogas from bio-waste. Even short (10 min) exposures to H 2 S, at concentrations as low as 15 ppm, can endanger human life. Inevitably, therefore, high-performance sensing of H 2 S has become an important topic in recent years. [1] [2] [3] [4] High sensitivities, down to ppm and even sub-ppm levels, have been demonstrated using a range of semiconducting metal oxides (e.g. ZnO, 5, 6 CuO, 7 WO 3 , 2 Cu 2 O, 3, 8 SnO 2 , 9 and Fe 2 O 3 10 ). High sensitivity is just one of the important considerations with any sensor, however; the working temperature (T w ) is another. T w for most reported H 2 S gas sensors is in the range of 150-450 °C, [1] [2] [3] [4] [5] [6] [7] 9, 10 but room temperature (RT) sensing would be preferable from the perspectives of device fabrication, miniaturization, operation and safety, given the autoignition of H 2 S at 260 °C in ambient atmosphere. [11] [12] [13] Various strategies have been adopted to enhance H 2 S sensing using metal oxides.
These include doping, hetero-junctions and surface modifications, such as Cu-doped SnO 2 films, 14 Sb-doped SnO 2 nanoribbons, 15 Mo-doped ZnO nanowires, 16 CuO-SnO 2 nanowires, 17 Au surface-modified ZnO nanowires, 12 ZnS decorated ZnO nanorods (NRs) 18 and SnO 2 @Ag nanostructures. 19 CuO-ZnO heterostructures and Cu-doped ZnO have attracted particular attention. 4, 13, [20] [21] [22] [23] H 2 S detection sensitivities in the 1-10 ppm range were demonstrated in most cases, 4, 13, [20] [21] [22] with higher (sub-ppm) sensitivity reported at high T w . 23 Quite apart from the sensitivity, the low cost and high stability of both n-type
ZnO and p-type CuO are also attractive features from the perspective of practical application.
However, all of the above are examples of electrical H 2 S sensors. Optical sensors offer further potential benefits, including simplicity of device fabrication, and the fact that they can be operated remotely and in the presence of strong electromagnetic fields. [24] [25] [26] [27] One of the many fascinating characteristics of ZnO materials is their distinctive photoluminescence (PL) under ultraviolet (UV) illumination, and optical sensing of oxygen, 25, 28 nitrogen dioxide 29 and nitroaromatic derivatives 30 has been demonstrated by their effect on this PL. As noted above, PL-based gas sensors offer a significant potential advantage: the as-grown products can be used for optical gas sensing without the need for any electrical contact. However, to the best of our knowledge, no PL-based H 2 S sensors have been reported prior to the present work.
Pulsed laser deposition (PLD) is a widely used method for producing high-quality pure (and doped) ZnO nanomaterials. [31] [32] [33] [34] Our earlier works revealed both vapour-solid (V-S) and vapour-liquid-solid (V-L-S) modes of growing ZnO NRs by PLD, and realized 
EXPERIMENTAL SECTION
The CuO-ZnO NRs were produced on Si(100) substrates by PLD, using a KrF excimer laser (Lambda-Physik COMPex 205, λ = 248 nm, pulse duration of 25 ns, repetition rate of 8 Hz, and incident fluence 1.5 J cm -2 ). The ceramic ZnCuO target (with Zn:Cu atomic ratio of 9:1) was rotated throughout the deposition, and the target-substrate separation was set at 37 mm. Deposition involved a low background pressure of O 2 (pO 2 = 5 Pa) and a substrate temperature T sub = 450 °C for 10 min, after which the background gas was switched to Ar (pAr = 150 Pa), T sub was increased (reaching a final temperature of 700 °C after ~30 min.) and deposition continued for a further 60 min.
The morphology and crystallinity of the as-grown samples were characterized by scanning electron microscopy (SEM, FEI Quanta 200F, equipped with an energy dispersed X-ray (EDX) spectrometer), transmission electron microscopy (TEM, FEI, Tecnai-G2-F30), selected area electron diffraction (SAED, within the TEM system), Xray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, ESCALAB 250Xi, using an Al K α X-ray source) and X-ray diffraction (XRD, PANalytical, X'Pert Pro, with Cu K α radiation). PL and optical gas sensing measurements were performed using a spectrofluorometer (HORIBA, Fluoromax-4, 325 nm excitation) using a purposedesigned vacuum mini-chamber that has been described previously. 25 The required test gas concentration was provided by injecting a definite amount of H 2 S. In addition to collecting the entire PL spectrum of the NR samples in different environmental gases, the spectrofluorometer was also used in 'kinetics' mode to follow the evolving emission intensity at any particular wavelength (with 1 s time resolution), thereby yielding dynamic information on the PL-based gas sensing.
RESULTS AND DISCUSSION

Characterization and Growth Mechanism of CuO-ZnO NRs
The morphologies of the as-grown samples were characterized by SEM, showing goldenmushroom-like motifs, with a nanoparticle capping each NR (Figure 1 , which is understandable given the small size of the CuO nanoparticles and the small fraction they contribute to the total sample. As noted below, however, we conclude that Cu is also present as a dopant within the ZnO NRs.
In an effort to understand the CuO-ZnO NR formation process better, pure ZnO NRs were produced by ablating a 99.99% ZnO target under the same growth conditions. The resulting ZnO
NRs were flat-topped, hexagonal in cross-section, with diameters in the range 70-180 nm and lengths of 0.5-1 μm ( Figure S3 ), consistent with a V-S growth mechanism and with previous studies. 25 Prior reports of ZnO NRs capped by other nanoparticles formed in a PLD process assume a V-L-S growth mode, 35, 38, 39 wherein liquid-phase metal nanoparticles are assumed to catalyse NR growth by adsorbing reactive gas-phase species that are fed into the solid NR shafts.
Well known PLD-based examples are Au nanoparticle-capped ZnO NRs, for which T sub ≥ 800 °C is usually required in order to maintain the Au nanoparticles in the liquid phase during the NR growth process. 38, 39 One previous study from our group also demonstrated V-L-S growth of ZnO NRs, catalysed in that case by Zn nanoparticles at T sub = 600 °C (i.e. above the melting point of Zn, T mp = 419 °C). The Zn nanoparticles were ultimately observed as oxidized ZnO capping nanoparticles. 35 Cu-catalysed V-L-S growth of ZnO nanowires has been reported previously, at temperatures around 1000 °C. [40] [41] [42] The T sub used in the present work is much lower (700 °C), below the melting temperatures of both Cu (T mp = 1085 °C) and CuO (T mp = 1326 °C).
Cu/Zn alloys with Cu:Zn ratios 1:4 can display T mp ≤ 700 °C. However, the clean SAED pattern of CuO from the NR tip excludes V-L-S growth catalysed by liquid-phase Cu/Zn alloy nanoparticles as the mechanism for forming the present CuO-ZnO NRs. Further, several prior studies suggest that the pO 2 = 5 Pa used for the first-stage deposition in this work is more than sufficient to ensure PLD growth of ZnO and CuO rather than Zn and Cu (or Cu 2 O). 25, [43] [44] [45] Thus the present experimental data is most rationally explained by assuming that the PLD growth of CuO-ZnO NRs follows a CuO-nanoparticle-assisted V-S-S growth mode. 
PL of CuO-ZnO NRs
Typical PL spectra of ZnO show a sharp near-band-gap UV emission at 380 nm and a broad visible-band emission attributed to various defects and impurities; higher ratios of these emission intensities (I UV /I vis ) normally indicate samples of higher crystal quality.
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Figure 3 compares RT-PL spectra (normalized to the same I UV(max) ) of CuO-ZnO and pure ZnO NRs. These show obvious differences: (1) the UV emission from both samples peaks at 380 nm, but the centre of the visible band emission is shifted from 510 nm in the case of the CuO-ZnO sample to 530 nm for pure ZnO; (2) the I UV /I vis value of the former (0.6) is very much lower than that of the latter (33). Our previous studies of the PL from pure ZnO NRs, of varying morphologies, consistently revealed UV emission at 380 nm and a broad visible emission centred at 530 nm. 25 Strong 510 nm PL emission has been reported from Cu-doped ZnO NRs and films, however, and assigned to the presence of dopant Cu 2+ ions sitting at Zn sites in the ZnO lattice. 54, 55 Given the small volume fraction of the capping CuO nanoparticles within the sample, it is improbable that these could account for the very different visible PL from the CuO-ZnO and pure ZnO NRs. Thus it is rational to conclude that the stem of the CuO-ZnO NR is doped with Cu.
To demonstrate this point further, Cu-doped ZnO NRs were produced by ablating a different (Cu-lean) ZnCuO target (Zn:Cu atomic ratio of 99:1) under the same growth conditions as used for the pure ZnO and the CuO-ZnO NRs. Rather than the flat-topped hexagonal NRs obtained when using pure ZnO, or the golden-mushroom-like CuO-ZnO nanorod structures, this yielded nanoneedles devoid of capping nanoparticles (as shown in the inset in Figure S4 ) that are reminiscent of previously reported Ni-doped ZnO nanoneedles 56 and Al-doped ZnO nanocones. 37 The PL spectrum of these Cu-doped ZnO
NRs ( Figure S4 ) shows a 380 nm UV emission peak and a 510 nm visible emission band that matches well with the CuO-ZnO results. The I UV /I vis ratio in the case of the Cudoped ZnO NRs (5.6) is intermediate between those found for the pure ZnO and the CuO-ZnO NRs, suggesting that the Cu concentration in the stem of the latter is higher than in these Cu-doped ZnO NRs.
H 2 S Sensing Properties of CuO-ZnO NRs
The H 2 S sensing properties of the as-grown CuO-ZnO nanorod samples were examined by monitoring their PL spectra at RT. Figure 4 shows RT-PL spectra measured sequentially in air at atmospheric pressure, in air+15 ppm H 2 S, and then again in air. I UV at 380 nm is significantly increased in the presence of 15 ppm H 2 S, while I vis at 510 nm decreases slightly. The original profile of the PL spectrum was restored once the environmental gas reverted to air. Again, for comparison, the PL spectra of the pure and Cu doped-ZnO nanorod samples were also traced through the same environmental gas cycle. The PL spectrum of the former was essentially unchanged when exposed to 15 ppm H 2 S in air while, in the case of the Cu doped-ZnO nanorod sample, I UV showed a 28% increase but, again, the visible emission barely changed ( Figures S5 and S6 ).
FIGURE 4.
Room-temperature PL spectra of the CuO-ZnO nanorods measured sequentially in air, in air+15 ppm H 2 S, and then again in air.
We define the PL-based H 2 S sensing response R as
where I a and I g are, respectively, the I UV(max) measured in air and in the test gas. R for the CuO-ZnO NRs in the presence of 15 ppm H 2 S is 78, much higher than that of the pure ZnO (R5, Figure S5 ) or the Cu-doped ZnO NRs (R 28, Figure S6 and that R scales with the H 2 S concentration. The absolute value of I UV(max) recovers well upon re-exposing the CuO-ZnO NR sample to air. The response and recovery times estimated from Figure 5 are, respectively 3 min and 15 s, both of which are shorter than the majority of reported electrical H 2 S sensors when operating at RT. 8, [11] [12] [13] 15 Moreover, as shown in Figure S7 , PL-based sensing with the CuO-ZnO NR sample shows a high selectivity towards H 2 S. 
H 2 S Sensing Mechanisms of CuO-ZnO NRs
To develop an understanding of the PL-based H 2 S sensing properties of CuO-ZnO NRs, we start by summarising proposed mechanisms for the electrical sensing of H 2 S using 
Both the surface area to volume (S/V) ratio and the density of active sites for gas adsorption on the ZnO surface are considered to be important in determining the sensitivity of the sensor. Besides controlling the surface morphology, 6, 11, 57 Cu doping has also been confirmed as an effective strategy for improving the H 2 S electrical sensing properties of ZnO by providing more active sites (e.g. oxygen vacancies) for gas adsorption. 20 Conversely, several groups have also suggested that ZnO and CuO can be sulfurized by H 2 S, yielding semiconducting ZnS 5, 18 and metallic CuS, 13, [21] [22] [23] and that these sulfides can then convert back to the corresponding oxides when exposed to ambient oxygen via desulfurization reactions, 5, [21] [22] [23] 58 even at RT. 13 Formation of ZnS on the surface of ZnO could reduce the trapping of electrons by adsorbed oxygen and thus enhance the conductivity. Notably, in the case of CuO-ZnO heterostructures, formation of metallic CuS not only directly enhances their conductivity, but also releases trapped electrons from the CuO-ZnO p-n junctions to ZnO, thereby increasing the conductivity of the ZnO. On this basis, therefore, the much improved electrical sensing of H 2 S by CuOZnO heterostructures (cf. pure ZnO) could be attributed to the sulfurization of CuO. 13, [21] [22] [23] In addition to enhancing the conductivity, the release of trapped electrons to the ZnO can also impact on its PL properties. The UV emission is generally considered to emanate from the inner part of the NRs, beneath the depletion layer. 25, 59 I UV will therefore be sensitively dependent on any expansion or reduction of the depletion layer. Previous Apart from enhancing the UV emission of CuO-ZnO, Cu-doped ZnO and pure ZnO NRs (to differing extents), H 2 S adsorption can also influence I vis . H 2 S-induced release of electrons trapped at the sample surface into the bulk might be expected to cause an increase in I vis originating from bulk defects, whereas any H 2 S induced reduction in the number of adsorbed oxygen species and Cu 2+ dopants on the ZnO surface will tend to reduce I vis . The relative efficiencies of these competing effects would almost certainly be sample dependent and hard to predict. For all these reasons, the sharp, strong and sensitive UV emission offers overwhelming advantages (cf. the visible emission) as the indicator for H 2 S sensing.
The CuO-ZnO NRs have much smaller average diameters (estimated as ~110 nm)
than the Cu-doped ZnO NRs (which have root diameters ~300 nm) and thus much larger S/V ratios. Thus it is reasonable that R for the CuO-ZnO NRs is roughly twice that for the Cu-doped ZnO NRs (in the presence of 15 ppm H 2 S). The average diameter of the pure ZnO NRs (~120 nm) is similar to that of the CuO-ZnO NRs, yet the response of the former to 15 ppm of H 2 S is only ~1/15 as large. The much higher response of the CuOZnO NRs is attributed to Cu doping of the stems and the capping CuO nanoparticles, while the high selectivity of the CuO-ZnO NRs to H 2 S is ascribed to the higher RT reactivity of this gas 11, 12 relative to the other conventional gases tested in this work.
 CONCLUSIONS
Novel CuO nanoparticle-capped ZnO NRs have been produced by a PLD method. These
NRs grow via a V-S-S mode, with CuO nanoparticles acting as the catalyst. The Cudoped ZnO stem and the CuO capping nanoparticles afford excellent optical sensing properties towards H 2 S at RT, with a demonstrated sensitivity down to sub-ppm concentrations and a high selectivity. This work provides a first demonstration of a PLbased H 2 S gas sensor, and also suggests the feasibility of using CuO nanoparticles to catalyse growth of ZnO NRs via a V-S-S mode using gas phase methods other than PLD.
